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Fe–Co–Nd–Dy–B glassy alloys are a current type of ferromagnetic material. To increase their
glass-forming ability against the growth of a crystallization phase, the effects of the addition of
transition metals TM~TM5V, Nb, Ta, Cr, Mo, and W! on the glass-formation ability and magnetic
properties of Fe62Co9.5Nd3Dy0.5B25 glassy alloy have been investigated. The substitution of 2 at. %
elements TM~5Nb, Ta, Mo, and W! for Fe and Co increases crystallization temperatureTx and
decreases the onset temperature of solidificationTm , leading to a significant increase in the thermal
stability against crystallization for Fe60.3Co9.2TM2Nd3Dy0.5B25. The difference (DTx5Tx2Tg)
betweenTx and the glass transition temperatureTg increases from 55 K at 0 at. % TM to 87 K at
2 at. % TM. The bulk glassy alloy with a diameter up to 1.2 mm was produced by copper mold
casting. Also no distinct changes inTg , Tx and DTx are seen for the addition of Cr and V. The
results can be explained by the difference of atomic size in the additional elements. The saturation
magnetization decreases slightly by the addition of 2 at. % TM elements. The saturation
magnetization and coercive force of glassy Fe60.3Co9.2TM2Nd3Dy0.5B25 alloys are 1.13 to 1.19 T and






































Ferromagnetic metallic glasses have attracted increa
interest because they have a wide supercooled liquid re
DTx before crystallization and high glass-formation abil
against the growth of a crystallization phase.1–2 The high
glass-formation ability implies that the glassy alloys have
large viscous flowability in the supercooled liquid regio
DTx . Therefore ferromagnetic metallic glasses with the h
glass-formation ability are workable to various complicat
shapes by utilizing the low viscosity and the large flowab
ity.
It is well known that the glassy alloys with high glas
formation ability satisfy the following three empirical rules3
i.e., ~1! multicomponent systems consisting of more th
three elements,~2! significant difference in atomic siz
above about 12% among the main three constituent elem
and ~3! large negative heats of mixing among the elemen
Very recently, based on the empirical rules, a current type
ferromagnetic metallic glass Fe–Co–Ln–B~Ln5rare earth
elements! with a wide supercooled liquid region wa
prepared.2–4 The Fe–Co–Ln–B metallic glasses exhib
good soft magnetism with saturated magnetization of 0.8
1.66 T and coercivity (Hc) of 5.0–36 A/m.
4,5 It is found that
the glassy phase of Fe–Co–Ln–B alloys consists of~Fe,
a!Author to whom correspondence should be addressed; electronic
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Co!–B-based rigid local structure units and the Ln atom
inserted between them. Lanthanide element plays an im
tant role in the formation of the dense random packing str
ture of ~Fe, Co!–B in these alloys.6 The supercooled liquid
regionDTx of Fe–Co–Ln–B glassy alloys are about 40–
K.7 The bulk glassy rods with diameters of 0.5 and 0.75 m
for Fe62Co9.5Nd3Dy0.5B25 were producted by a copper mol
casting method.5 However, it is necessary to search for a
additional element which increases the glass-formation a
ity of Fe–Co–Ln–B glassy alloys to improve their therm
stability of supercooled liquid. In this article, we examine t
effects of the additional TM~TM5transition metals! on the
glass-formation ability and magnetic properties
Fe62Co9.5Nd3Dy0.5B25 glassy alloy.
II. EXPERIMENTAL PROCEDURE
Alloy ingots of Fe60.3Co9.2TM2Nd3Dy0.5B25 ~TM5V,
Nb, Ta, Cr, Mo, and W! were prepared by arc melting th
mixtures of pure metals and B crystal in an argon atm
sphere. Then the ingots were crushed into small piece
order to place them into a quartz crucible for melt spinni
and copper mold casting. The nozzle size of the crucible w
about 0.5 mm in diameter. Ribbons were produced by m
spinning with a wheel speed of 30 m/s in an argon atm
sphere. Bulk samples of rod shape were produced by in
tion casting of the molten alloy into copper molds. The stru
il:7 © 2002 American Institute of Physics
































5228 J. Appl. Phys., Vol. 91, No. 8, 15 April 2002 Long et al.ture of samples was examined by x-ray diffraction (CuKa)
and transmission electron microscopy. Thermal stability w
examined by differential scanning calorimeter~DSC! and
differential thermal analysis in an argon atmosphere a
heating rate of 0.67 and 0.033 K/s, respectively. The sat
tion magnetization was measured at room temperature
vibrating sample magnetometer with a maximum appl
magnetic field of 670 kA/m. The coercive force was me
sured with aB–H loop tracer.
III. RESULTS AND DISCUSSION
Figure 1 shows DSC curves of the melt-sp
Fe60.3Co9.2TM2Nd3Dy0.5B25 ribbons, whereTg and Tx are
glass transition temperature and crystallization temperat
FIG. 2. DTx(5Tx2Tg) andTm as a function of the transition metals TM fo
the glassy Fe60.3Co9.2TM2Nd3Dy0.5B25 alloys.







respectively. As seen in Fig. 1, the glass transition tempe
ture Tg remains almost unchanged and the crystallizat
temperatureTx shifts toward higher temperature by the a
dition of the TM elements. All the glassy alloys crystalliz
through a single stage with an exothermic heat of 5.26–7
kJ/mol. Based on the DSC curves shown in Fig.
DTx(5Tx2Tg) values are plotted as a function of elemen
TM. From Fig. 2, it is observed thatDTx increases signifi-
cantly from 55 to 87 K with the replacement of 2 at. % F
and Co by elements of Nd, Ta, Mo, and W. Figure 2 a
shows the data on the onset temperature of solidificationTm
obtained from the continuous cooling curves of t
Fe60.3Co9.2TM2Nd3Dy0.5B25 molten alloys. TheTm decreases
with the replacement of 2 at. % Fe and Co by Mo, W, N
and Ta. Obviously, the addition of TM~5Mo, W, Nb, and
Ta! elements into the Fe–Co–Ln–B alloy is very useful f
the suppression of crystallization. The results can be
plained by the three empirical rules for the increase in
thermal stability of the supercooled liquid again
crystallization.3 The addition of TM~5Mo, W, Nb, and Ta!
elements causes the more sequential change in atomic
on the order of Nd.Dy.TM(TM5Mo,W,Nb,and Ta).Fe
.Co.B because atomic diameters of TM~5Mo, W, Nb,
and Ta! are between those of Fe, Co, and Nd. The addition
TM ~5Mo, W, Nb, and Ta! increases the degree of den
FIG. 3. X-ray diffraction pattern of the cast glass
Fe60.3Co9.2Nb2Nd3Dy0.5B25 cylinder with a diameter of 1.2 mm. The data o
the melt-spun glassy ribbon with the same composition are also shown
comparison.
TABLE I. Magnetic properties and thermal stability of the melt-sp
Fe60.3Co9.2TM2Nd3Dy0.5B25 ribbons.
Composition I s(T) Hc(A/m) Tg(K) Tx(K) DTx(K)
TM5Cr 1.16 3.85 843 898 55
TM5Mo 1.15 4.98 843 924 81
TM5W 1.14 3.98 845 921 76
TM5V 1.13 4.52 847 907 60
TM5Nb 1.15 4.78 850 937 87
TM5Ta 1.19 3.98 850 924 74































5229J. Appl. Phys., Vol. 91, No. 8, 15 April 2002 Long et al.random packing fraction and difficulty for crystallization.
is also seen that the characteristic of the transition metals
affect the thermal stability against crystallization by comp
ing the addition of Nb with Ta. Otherwise, the thermal s
bility against crystallization is not slightly improved with th
addition of Cr and V elements because the atomic diame
of Cr and V are close to those of Fe and Co. The widerDTx
and lowerTm for Fe60.3Co9.2TM2Nd3Dy0.5B25 ~TM5Nb, W,
Mo, and Ta! indicate that the present glassy alloys have
much higher glass-formation ability. The maximumTx and
the lowestTm are obtained for Fe60.3Co9.2TM2Nd3Dy0.5B25.
They are 87 and 1497 K, respectively. These data are b
than the best values for the previously reported gla
Fe–Co–Ln–B alloys.4–7
Table I summarizes the magnetic properties and ther
stability of the melt-spun Fe60.3Co9.2TM2Nd3Dy0.5B25 rib-
bons. The Fe60.3Co9.2TM2Nd3Dy0.5B25 alloys have better
saturation magnetization of 1.13–1.19 T and lower coerc
force of 3.85–4.98 A/m. The saturation magnetization
Fe60.3Co9.2TM2Nd3Dy0.5B25 is slightly lower than that of
Fe62Co9.5Nd3Dy0.5B25 because nonferromagnetic elements
TM are added instead of ferromagnetic elements of Fe
Co.
The cast Fe60.3Co9.2TM2Nd3Dy0.5B25 alloy in a cylinder
form with a diameter of 1.2 mm was produced. It is co
firmed that the cast alloy consists of a glassy single ph
from x-ray diffraction patterns and DSC curve. Figure
shows x-ray diffraction patterns of the cast alloy and
melt-spun glassy ribbon. No distinct difference in x-ray d
















melt-spun glassy ribbon. The saturation magnetization of
cast alloy is 1.15 T.
IV. SUMMARY
We have examined the effects of the addition transit
metals TM~TM5V, Nb, Ta, Cr, Mo, and W! on the glass-
formation ability and magnetic properties for the glas
Fe60.3Co9.2TM2Nd3Dy0.5B25 alloy. The addition of TM
~5Nb, Ta, Mo, and W! significantly increases crystallizatio
temperature Tx and decreases the onset temperat
of solidification Tm , leading to a significant increas
in the thermal stability against crystallization fo
Fe60.3Co9.2TM2Nd3Dy0.5B25. DTx increases up to 87 K at 2
at. % TM from 55 K at 0 at. % TM~5Nb, Ta, Mo, and W!.
Also no distinct changes inTg , Tx , andDTx are seen for the
addition of Cr and V. The saturation magnetizationI s and
coercive forceHc of the glassy Fe60.3Co9.2TM2Nd3Dy0.5B25
alloys are 1.13–1.19 T and 3.85–4.98 A/m, respectively. T
saturation magnetization decreases slightly by the additio
TM. Bulk glassy Fe60.3Co9.2TM2Nd3Dy0.5B25 alloy with a
diameter of 1.2 mm was produced by copper mold castin
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